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The intestinal epithelium continually self-renews and
can rapidly regenerate after damage. Lgr5 marks
mitotically active intestinal stem cells (ISCs). Impor-
tantly, intestinal homeostasis can be maintained
after depletion of Lgr5+ cells due to the activation
of Lgr5 reserve ISCs. The Lgr5 ISC populations
are thought to play a similar role during intestinal
regeneration following radiation-induced damage.
We tested this regeneration hypothesis by com-
bining depletion of Lgr5+ ISCs with radiation expo-
sure. In contrast to the negligible effect of Lgr5+
ISC loss during homeostasis, depletion of Lgr5+ cells
during radiation-induced damage and subsequent
repair caused catastrophic crypt loss and deteriora-
tion of crypt-villus architecture. Interestingly though,
we found that crypts deficient for Lgr5+ cells are
competent to undergo hyperplasia upon loss of
Apc. These data argue that Lgr5 reserve stem cells
are radiosensitive and that Lgr5+ cells are crucial for
robust intestinal regeneration following radiation
exposure but are dispensable for premalignant
hyperproliferation.
INTRODUCTION
The intestinal epithelium undergoes continual self-renewal; cells
born in the proliferative crypt zone migrate upward, differentiate,
and are lost from villus tips an average of 5 days after ‘‘birth’’ (van
der Flier and Clevers, 2009). Exceptions to this upwardmigration
include the Paneth cells, whichmigrate down into the base of the
crypt where they aremaintained for up to 2months (Ireland et al.,
2005), and the resident stem cell population, which is critical for
the maintenance of epithelial turnover. Cells located at different
positions in the crypt and with apparently distinct identities have
the potential to act as intestinal stem cells (ISCs). Numerous
studies suggest that the ISC is located at position +4 relative
to the base of the crypt, above the Paneth cells. +4 cells are
marked by expression of Bmi1, Hopx, mTERT, and Lrig1 (Mont-
gomery et al., 2011; Powell et al., 2012; Sangiorgi and Capecchi,
2008; Takeda et al., 2011). Lineage tracing analyses from cells
expressing these markers have formally demonstrated that
they can give rise to all the differentiated cell types of the intes-
tinal epithelium and have the capacity to self-renew, i.e., theyCemeet the criteria defining a stem cell. A separate body of work
proposes that cells intermingled between the Paneth cells, at
the base of the crypt, are the stem cells (Barker et al., 2007;
Cheng and Leblond, 1974). These crypt base columnar cells
(CBCs), so called because of their elongated/columnar appear-
ance, express high levels of the Wnt target gene Lgr5. Lineage
tracing from Lgr5-expressing cells showed that they too meet
the criteria defining stem cells. Indeed, single Lgr5+ cells can
give rise to ‘‘minigut’’ structures in vitro, comprising all differen-
tiated intestinal cell types (Sato et al., 2009). Lgr5+ ISCs have
a higher mitotic index than +4 cells, and also occur more
frequently than, for example, Bmi1+ cells, which are enriched
in the duodenum but are rarely found in the ileum (Sangiorgi
and Capecchi, 2008). Lgr5+ cells were thus thought to represent
the ‘‘work-horse’’ stem cell population responsible for intestinal
homeostasis. Intriguingly though, ablation of the Lgr5+ ISC pop-
ulation using a novel Lgr5DTR mouse allele, in which the diph-
theria toxin receptor (DTR) is knocked into the endogenous
Lgr5 locus, demonstrated that Lgr5+ cells are dispensable for in-
testinal homeostasis (Tian et al., 2011). It was found that loss of
Lgr5+ cells is tolerated due to activation of the Bmi1-expressing
stem cell pool. This finding was consistent with a subsequent
demonstration that Hopx-expressing +4 cells can give rise to
Lgr5+ cells, and vice versa, implying a high level of plasticity
wherein stem cell populations in distinct niches can interconvert
(Takeda et al., 2011).
Beyond the ability of the intestinal epithelium to continually
self-renew, the intestine has a considerable capacity for repair
after damage. Much like other proliferative, self-renewing organs
such as the skin and hematopoietic system, the intestinal epithe-
lium is sensitive to DNA damage agents such as chemotherapy
and ionizing radiation (Blanpain et al., 2011), but can recover
from doses of radiation (10–12 Gy in mice) that cause complete
hematopoietic failure. In the hours after radiation exposure,
extensive p53-mediated apoptosis leads to crypt shrinkage
(Merritt et al., 1994). Shrinkage is followed by a burst of prolifer-
ation in surviving cells, resulting in transient enlargement of intes-
tinal crypts, and subsequent crypt fission to repopulate the
intestine (Withers and Elkind, 1970). At high doses of radiation
(R15 Gy, depending on genetic background) more widespread
intestinal apoptosis fails to trigger a regenerative response,
which leads to gastrointestinal failure (Potten, 2004). There has
been considerable interest in gaining a better understanding of
intestinal regeneration following damage by radiation/chemo-
therapy because of its relevance in the context of traditional
cancer therapies, and also because of the apparent parallels
between regeneration after damage and Wnt pathway-driven
intestinal transformation (Cordero and Sansom, 2012).ll Stem Cell 14, 149–159, February 6, 2014 ª2014 Elsevier Inc. 149
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Lgr5+ Stem Cells in Radiation-Induced RegenerationIt was hypothesized that the +4 ISC population, by virtue of its
relative quiescence, would have an increased capacity to with-
stand DNA damage, and may thus be responsible for driving in-
testinal regeneration following exposure to radiation. Indeed,
lineage tracing from Bmi1, mTert, and Lrig1-expressing cells,
as well as a decrease in Lgr5 expression following exposure to
radiation, supports this view, and has given rise to a model in
which, upon radiation-induced damage, Lgr5+ cells are ablated
and the normally quiescent +4 ISCs are activated to proliferate
(Montgomery et al., 2011; Powell et al., 2012; Sangiorgi and
Capecchi, 2008; Yan et al., 2012; see also Barker et al., 2012
for a useful summary). Recently, however, it has been demon-
strated that +4 markers overlap with the Lgr5-expressing popu-
lation: expression profiling of FACS sorted Lgr5+ cells showed
that +4 genes were robustly expressed in these cells, and care-
fully controlled BMI1 immunohistochemistry experiments like-
wise showed broad expression of BMI1 within crypts (Mun˜oz
et al., 2012). These observations complicate the interpretation
of linage tracing experiments: did the lineage initiate from Lgr5–
or Lgr5+ cells? To directly address the potential contribution of
Lgr5+ cells to radiation-induced intestinal regeneration, we
chose to avoid the complications associated with lineage tracing
studies by interrogating the functional requirements of the Lgr5+
population during regeneration using the Lgr5DTR mouse model.
RESULTS
Depletion of Lgr5+ Cells Dramatically Impairs Intestinal
Regeneration following Radiation-Induced Damage
Consistent with what we reported previously, ablation of the
Lgr5-expressing population has little immediate, or overt, effect
on intestinal homeostasis: crypt-villus architecture in Lgr5DTR
mice treated with two doses of diphtheria toxin (DT) is compara-
ble to that of untreated animals (Figures 1A and 1B). Analysis of
the intestines of Lgr5DTR animals 3 days after exposure to 10 Gy
radiation (in the absence of DT) reveals numerous enlarged/
hyperplastic crypts, and rare, small ‘‘cryptless’’ regions, features
typical of actively regenerating intestinal epithelium (Figure 1C).
In mice treated with the combination of 10 Gy radiation and
DT, we found a dramatic reduction of crypts, with stretches of in-
testine that were entirely devoid of proliferating invaginations,
though a small number of regenerating crypts were evident (Fig-
ure 1D). Consistent with depletion of the proliferative compart-
ment, we also observed blunting of villi. We quantified the crypt
phenotype by counting regenerating crypts, which we defined as
containing at least five adjacent KI67+ cells contained within a
crypt-like structure, and confirmed that Lgr5+ cell ablation re-
sults in a marked attenuation of the regenerative response,
with significantly fewer regenerating crypts present 3 days post-
irradiation in the DT-treated animals (Figure 1E). This robust
phenotype was particularly striking given the negligible effect
of loss of the Lgr5+ population during homeostasis (Figures 1A
and 1B and Tian et al., 2011). Also of note, Lgr5DTR animals in
the combination group, but not in the single agent groups,
weremoribund at the time of harvest, and had lost approximately
20% of their body weight (Figure S1A available online). In
contrast, Lgr5WT animals, treated with the combination, did not
lose weight, nor did they exhibit an intestinal phenotype (Figures
S1A–S1C).150 Cell Stem Cell 14, 149–159, February 6, 2014 ª2014 Elsevier IncGiven that a small number of crypts apparently survive expo-
sure to the combination of DT and radiation, we asked if given
additional recovery time, these remaining crypts would regen-
erate the intestinal epithelium, at least partially. We reduced
the DT treatment from two to one doses, which allowed an addi-
tional 2 days before animals in the combination group became
moribund (Figure S1D). The intestines of animals analyzed
5 days after exposure to 10 Gy radiation, with no experimental
depletion of Lgr5+ cells, appear to have undergone complete
regeneration and are indistinguishable from unirradiated intes-
tines (Figure 1F). In contrast, Lgr5DTR animals exposed to the
combination of radiation plus a single dose of DT exhibit a dra-
matic deterioration of crypt-villus architecture 5 days after expo-
sure (Figure 1G). In addition to flattening of the epithelium and
ectopic proliferation in ‘‘intercrypt’’ regions, the remaining crypts
have an aberrant appearance, being grossly enlarged and
multilayered (arrows, Figure 1G). Normally, crypt expansion is
followed by a fission event, whereby the crypt bifurcates to
generate an additional crypt (Hirata et al., 2013). In this case, sur-
viving crypts appear not to have undergone fission at the appro-
priate time, leading to an accumulation of cells in apparently
hyperplastic, crypt-like structures (see Figure S1E for an addi-
tional example). Intriguingly, despite the robust, ectopic prolifer-
ation in this context, the recovery of Lgr5 expression is much
attenuated, in contrast to the full recovery demonstrated in ani-
mals from the other treatment groups (Figure 1H). Note that all
DT-treated animals were only given one dose and were har-
vested 5 days later. It was previously proposed that upon with-
drawal of DT from Lgr5DTR animals, Lgr5 expression is recovered
from Bmi1-expressing cells that maintain homeostasis in the
absence of Lgr5+ cells (Tian et al., 2011). Based on the data pre-
sented here, we hypothesize that the cells competent tomaintain
the intestinal epithelium in the absence of Lgr5+ cells, and
competent to efficiently regenerate the Lgr5-expressing popula-
tion, and/or cells that support the aforementioned populations,
are ablated, or functionally altered, by 10 Gy radiation.
We likewise assessed how ablation of Lgr5+ stem cells would
alter the effect of intestinal regeneration at higher doses of radi-
ation, equivalent to or higher than doses described in other
recent intestinal regeneration studies (Yan et al., 2012). Ablation
of Lgr5+ cells at 14 Gy significantly decreased the number of re-
generating crypts, as it did at 10 Gy radiation (Figures 2A and
2B). Moreover, the timing of DT administration, as a single
dose 48 hr before radiation or at multiple time points after radia-
tion exposure, had no effect on the phenotype; ablation of Lgr5+
cells perturbs the regenerative response at doses of 10 and
14 Gy, irrespective of when the ablation is carried out (Figures
2C and 2D).
We next evaluated the immediate effect of radiation and/or DT
administration on intestinal crypts by quantifying apoptosis at
crypt cell positions 1–10, with position 1 defined as the apical
two cells in the crypt, 6 hr postexposure (Figures 3A–3E). The
administration of DT to Lgr5DTR mice causes robust apoptosis
at cell positions 1–5, consistent with previously reported posi-
tions of Lgr5 expression (Barker et al., 2007; Tian et al., 2011).
The pattern of apoptosis induced by exposure to 10 Gy radiation
overlaps with that induced by DT, but is clearly distinct, with
reduced (though clearly substantial) apoptosis at positions 1–5,
and more apoptosis than caused by DT alone occurring at.
Figure 1. Ablation of Lgr5+ Cells in the Lgr5DTR Mouse Model Dramatically Alters the Regenerative Response after Exposure to Ionizing
Radiation
(A–D) Representative H&E- and KI67-stained sections from Lgr5DTR mouse duodenum treated as shown. Mice were exposed to radiation on day 0 and DT
treatments were conducted immediately following radiation and again on day 1. All intestines were harvested on day 3, 72 hr after irradiation. Images are
representative of at least three animals analyzed for each condition. Scale bar, 100 mm.
(E) The number of regenerating crypts was quantified using KI67 staining to identify viable crypts. Each data point represents the number of viable crypts in a
single field of view. Approximately 100 fields of view were counted per mouse; n = 3. Lines represent the mean with SEM. ***p < 0.001, Student’s t test.
(F and G) H&E- and KI67-stained sections from Lgr5DTRmouse ileum 5 days after exposure to 10 Gy radiation, with or without a single dose of DT, administered at
the time of irradiation. Note full architectural recovery in (F) and flattened regions of epithelium, as well as some enlarged crypts, highlighted with arrows, and
ectopic proliferation in (G). Scale bar, 100 mm.
(H) Analysis of Lgr5 mRNA expression in the ileum using qPCR, with normalization to the housekeeping gene Rpl19. Samples for individual mice were run in
duplicate, n = 3. Data is represented as mean with SEM. **p < 0.01, Student’s t test.
See also Figure S1.
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Lgr5+ Stem Cells in Radiation-Induced Regenerationpositions 7 and higher (Figure 3E). Comparing the combination
setting to DT alone, we find that there is equivalent apoptosis
of cells at positions 1–5, but higher apoptosis at positions 6–9
in the combination. To put these cell positions into context,
position 4 is the average position of the first non-Paneth cell
(keeping in mind that the distribution of Paneth cells varies
from crypt to crypt) (Potten et al., 2009). These data suggest
that, at this time point, apoptosis of Lgr5+ cells triggered by a
single dose of DT is considerably more robust than that triggered
by exposure to 10 Gy radiation, and that combining these insultsCedoes not lead to additional loss of Lgr5+ CBCs when compared
to DT alone; rather, combining radiation with DT causes more
pronounced apoptosis at cell positions 6 and higher, above the
CBC/Paneth cell zone. To further evaluate the loss/survival of
Lgr5-expressing cells under these conditions, we monitored
the expression levels of Lgr5 transcript at 12, 24, and 48 hr after
exposure. Lgr5 mRNA is depleted to 10%–15% relative to con-
trols 12 hr after a single dose of DT, and rapidly increases to
approximately 50% 12 hr later (Figure 3F). Ten Gy radiation
causes a 50% depletion of Lgr5 transcript 24 hr postexposure.ll Stem Cell 14, 149–159, February 6, 2014 ª2014 Elsevier Inc. 151
Figure 2. Depletion of Lgr5+ Cells Attenuates the Regenerative
Response at High-Dose Radiation
(A) Representative H&E and KI67 staining of an Lgr5DTRmouse ileum exposed
to 14 Gy, with no DT treatment, and harvested 3 days later. The inset highlights
proliferation in CBCs.
(B) As in (A), though treated with a single dose of DT at the time of radiation
exposure. Scale bar, 100 mm.
(C) The number of regenerating crypts was quantified using KI67 staining to
identify viable crypts in Lgr5DTR mice. Mice were exposed to 14 Gy radiation,
and either untreated or DT-treated at various time points, t = 0 being the time at
which animals were exposed to radiation. Each data point represents the
number of viable crypts in a single field of view. Approximately 100 fields of
view were counted per mouse; n = 3. Lines represent the mean with SEM. All
groups are significantly different from the control; ***p < 0.001, Student’s t test.
(D) Quantification as above, in Lgr5WT and Lgr5DTR animals treated with a
single dose of DT 48 hr prior to 14 Gy radiation exposure and harvested 3 days
later.
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Lgr5+ Stem Cells in Radiation-Induced RegenerationLoss of Lgr5 mRNA induced by the combination of DT with
radiation is equivalent to the loss induced byDT alone 12 hr post-
exposure. Notably though, combining radiation with DT adminis-
tration inhibits the rapid recovery in Lgr5 expression that occurs
between 12 and 24 hr after the administration of DT alone (Fig-
ure 3F), which is consistent with the reduced levels of Lgr5
expression noted in the combination setting 5 days postexpo-
sure (Figure 1H). These data further support the notion that cells
competent to regenerate the Lgr5-expressing population are
altered by exposure to radiation and suggest that these cells
occupy cell positions 6 and above.152 Cell Stem Cell 14, 149–159, February 6, 2014 ª2014 Elsevier IncThe +4 stem cell originally described by Potten and colleagues
was shown to be exquisitely radiosensitive, being entirely abla-
ted by less than 1 Gy of radiation (Marshman et al., 2002; Potten,
1977), and thus appears to be distinct from the +4 Bmi1/mTERT/
Lrig1 cell more recently described (Montgomery et al., 2011;
Powell et al., 2012; Sangiorgi and Capecchi, 2008). The extreme
sensitivity of Potten’s +4 population was proposed to be a
protective mechanism, preventing the transmission of damaged
DNA from stem cells to daughter cells, and was thus termed
‘‘altruistic cell death’’ (Potten et al., 1997). The exquisite radio-
sensitivity of cells at the +4 position was highlighted in a more
recent study, which showed that tamoxifen, at doses used to
induce linage tracing, mimics the low-dose radiation-induced
apoptotic response of the +4 cells and that apoptosis in these
cells may influence the stem cell activity of the Lgr5-expressing
population (Zhu et al., 2013). With this in mind, we tested the
effect of ablating the Lgr5+ cells in combination with low doses
of radiation. We found that the intestinal epithelium could with-
stand depletion of Lgr5+ cells in the context of 1 and 2 Gy of
radiation, with no deterioration of crypt-villus architecture (Fig-
ures 4A and 4B and not shown). Similarly, coadministration of
2mg tamoxifen with DT had no deleterious effect to the intestinal
epithelium and did not alter the recovery of Lgr5 expression
(Figures S2A–S2C and Tian et al., 2011). Our data thus suggest
that the intestinal epithelium can tolerate simultaneous loss of
both the Lgr5+ population and the highly radiosensitive/tamox-
ifen-sensitive population. However, when we combined 6 Gy
radiation with depletion of Lgr5+ cells, we found that while
approximately 40% of the fields of view were similar to those
of irradiated, Lgr5 wild-type controls, 60% demonstrated dra-
matic crypt loss and villus blunting, which was not seen in con-
trols (Figures S2D and S2E). Therefore we propose that 6 Gy is
the dose at which cells competent to sustain the intestinal
epithelium in the absence of Lgr5+ cells begin to be ablated or
functionally altered. It was recently shown that Dll1+ (Lgr5–)
secretory progenitor cells, which reside at positions 5–9 and nor-
mally give rise to short-lived clones, have the capacity to regain
stem cell potential after exposure to 6 Gy radiation; i.e., Dll1+
cells give rise to cell lineage only after exposure to 6 Gy (van
Es et al., 2012). Our data showing that the intestinal epithelium
retains 40% normal intestinal architecture when 6 Gy radiation
is combined with ablation of the Lgr5+ stem cell population is
consistent with this observation. However, since we find that
6 Gy approaches a functional limit, we predict that the stemness
of the Dll1+/Lgr5– population would be suppressed at higher
doses of radiation. Our data demonstrate that although intestinal
homeostasis can be maintained after depletion of Lgr5+ cells,
this population is required for normal intestinal recovery follow-
ing exposure to >6 Gy radiation.
Paneth Cells Are Depleted Concomitantly with Lgr5+
ISCs
Although ablation of Lgr5+ cells in the absence of injury does not
obviously alter the crypt-villus architecture of the intestinal
epithelium, a close examination of H&E and KI67-stained sec-
tions revealed some alterations associated with loss of Lgr5+
CBCs. Paneth cells, conspicuous in H&E stained sections due
to their large size and cytoplasmic granules, appeared to be
reduced in number in DT-treated Lgr5DTR animals (insets,.
Figure 3. DT-Induced Ablation of Lgr5+ Cells Is More Profound than the Loss of Lgr5+ Cells Triggered by Radiation
(A–D) Representative cleaved caspase 3 staining of Lgr5DTR mouse ileum 6 hr following exposure to DT and/or 10 Gy radiation.
(E) Positional analysis of apoptosis in crypts such as those shown in (A–D) 6 hr following exposure. Fifty crypts per mouse, with at least three mice per condition,
were analyzed, with cell positions 1–10 being scored for cleaved caspase 3 positivity. Counting was done as in Buczacki et al. (2013), whereby position 1 was
defined as the apical two cells in the crypt and subsequent positions followed superiorly. For DT alone versus DT + 10 Gy at cell position 6, *p = 0.032; at
position 7, p = 0.09; at position 8, **p = 0.002; at position 9, p = 0.37; Student’s t test.
(F) Analysis of Lgr5mRNA expression in the ileum using qPCR at indicated time points with normalization to the housekeeping geneRpl19. Samples for individual
mice were run in duplicate; n = 4. Data is represented as mean with SEM.
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Lgr5+ Stem Cells in Radiation-Induced RegenerationFigures 4A and 4B). KI67 positivity was simultaneously increased
at the base of crypts, consistent with loss of Paneth cells, which
are KI67 negative (Figures 4C and 4D). (See also the comments
section from Tian et al., 2011 at http://www.nature.com/
nature/journal/v478/n7368/full/nature10408.html.) To confirm
the apparent loss of Paneth cells, we assessed expression of
the Paneth cell markers lysozyme and defensin alpha 1 (Defa1)
in DT-treated, unirradiated Lgr5DTR animals. Lysozyme staining
was markedly reduced in the ileum after two consecutive DT
treatments (Figures 4E and 4F), and Defa1 expression was like-
wise significantly attenuated, in both the duodenum and the
ileum (Figure 4G). We quantified changes in Paneth cell numbers
by counting the number of crypt sections containing zero, one or
two, or three or more Paneth cells in animals exposed to DT for
0, 2, 5, or 9 days. Under control conditions5%of crypt sections
contain no lysozyme-positive cells and 95% of crypt sections
contain at least one Paneth cell. After 2 days on DT, 50% of
crypt sections have no observable lysozyme positivity, consis-
tent with a dramatic and rapid loss of Paneth cells upon DT treat-
ment (Figure 4H). Interestingly, the number of lysozyme-positive
cells increases with longer exposure to DT, with the percentage
of crypt sections containing no lysozyme positivity deceasing
to 15% and 20% in animals exposed to DT for 5 and 9 days,
respectively. DT-induced Paneth cell loss may be a result of
Lgr5 expression in these cells or a result (through a bystander
effect) of the extensive apoptosis that occurs in neighboring
Lgr5+ CBCs. To attempt to distinguish between these possibil-
ities, we performed costaining for markers of Paneth cells and
apoptosis (specifically lysozyme and TUNEL) 6 hr postadminis-Cetration of DT. Less than 1% of Paneth cells were TUNEL positive,
despite the high level of apoptosis at this time point (Figure S3,
Figure 2). Interestingly, we saw occasional extrusion of
TUNEL-negative Paneth cells into the lumen of the crypt (Fig-
ure S3, yellow arrow), suggesting that Paneth cell loss may be
an indirect effect of DT-mediated ablation of Lgr5+ CBCs. The
observation that Paneth cell numbers recover over time, even
with sustained DT treatment, further supports this hypothesis.
Loss of Paneth Cells Does Not Account for the
Suppressed Radiation-Induced Regeneration in
DT-Treated Lgr5DTR Mice
Paneth cells have recently attracted considerable attention as a
source of important stem cell niche factors includingWnt ligands
and epidermal growth factor (Sato et al., 2011). It was therefore
conceivable that loss of the Paneth cell population, rather than
the loss of Lgr5+ stem cells, was responsible for the marked
attenuation of radiation-induced regeneration in DT-treated
Lgr5DTR mice. Gfi1KI/KI mice, in which Gfp is knocked into the
Gfi1 coding region, have a severe, though not complete, Paneth
cell defect as demonstrated by the significant and dramatic
decrease in Defa1 expression, yet express normal levels of
Lgr5 (Figures 5A and 5C). The Paneth cell deficiency in Gfi1KI/KI
mice is at least as prominent, if not more pronounced, than
the Paneth cell deficiency caused by depletion of Lgr5+ cells
(compare Figures 5A and 4G). Exposure of these mice to 14 Gy
radiation triggers a robust regenerative response, suggesting
that a full complement of Paneth cells is not required to support
efficient radiation-induced intestinal regeneration (Figure 5B).ll Stem Cell 14, 149–159, February 6, 2014 ª2014 Elsevier Inc. 153
Figure 4. Paneth Cells Are Ablated by DT
Treatment in Lgr5DTR Mice
(A and B) H&E-stained sections from the ileum of
Lgr5DTR mice exposed to 1 Gy of radiation, 3 days
postexposure, either without DT treatment (A) or
with two doses of DT given 24 hr and 48 hr after
exposure to radiation (B). Insets highlight apparent
loss of Paneth cells at the crypt base. Images are
representative of at least three animals analyzed
under each condition.
(C and D) KI67 staining of sections described
above. Note the intercalation of positive and
negative KI67 signal at crypt bases in (C) and
solid KI67 signal at the base of crypts in (D). Scale
bar, 100 mm.
(E) Sections from the ileum of a control, untreated
Lgr5DTRmouse, stained for b-catenin in green and
lysozyme in red. Nuclei are stained blue with DAPI.
(F) b-catenin and lysozyme staining as in (E), in
an Lgr5DTR mouse treated with two consecutive
doses of DT, 24 hr apart. Note the dramatic loss of
lysozyme positivity with respect to (E). Images are
representative of at least three animals analyzed
for each condition. Scale bar, 100 mm.
(G) Defa1 expression, relative to Rpl19 levels, in
the duodenum and ileum of animals described in
(E) and (F). n = 3; samples for individual mice were
run in duplicate. Lines represent the mean with
SEM; ***p < 0.001, *p < 0.05, Student’s t test.
(H) Loss of Paneth cells in DT-treated Lgr5DTR
mice was quantified as described in the text.
Approximately 50 crypt sections per mouse were
scored; n = 3, error bars represent SEM.
See also Figure S2 and Figure S3.
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Lgr5+ Stem Cells in Radiation-Induced RegenerationThis is consistent with a recent finding thatMath1-deficient mice,
which have a complete loss of Paneth cells, likewise maintain
their Lgr5-expressing stem cell pool and successfully regenerate
after exposure to radiation (Durand et al., 2012). To test if Paneth-
cell-deficient mice are dependent on Lgr5+ cells for robust
intestinal regeneration following radiation-induced damage, we
crossed Gfi1KI/KI mice to Lgr5DTR mice to generate Gfi1KI/KI;
Lgr5DTR compound mutants. Similar to our analysis at 14 Gy,
Paneth-cell-deficient Gfi1KI/KI; Lgr5WT mice (treated with DT)
had a strong regenerative response, with the number of viable
crypts present 3 days after exposure to 10 Gy radiation being
comparable to the number of crypts in similarly treated Gfi1KI/WT
mice with normal levels of Paneth cells (Figure 5D). The ablation
of Lgr5+ cells in Gfi1KI/KI mice is, as in Paneth cell wild-type con-
ditions, accompanied by a dramatic decrease in the number of
viable crypts following exposure to radiation. In contrast, ablation
of Lgr5+ cells in unirradiated Gfi1KI/KI mice had no overt conse-
quences to the intestinal epithelium (Figure S4). These data rule
out the possibility that the regeneration phenotype in DT-treated
Lgr5DTR mice is due to loss of Paneth cells.154 Cell Stem Cell 14, 149–159, February 6, 2014 ª2014 Elsevier Inc.Loss ofApc, aswell asDSS-Induced
Colitis, Drives Crypt Hyperplasia in
the Context of Lgr5+ Cell Depletion
Crypt hyperplasia is thought to be a crit-
ical feature of the intestinal regenerative
response and also accompanies theWnt pathway hyperactivation that occurs following the loss of
the Apc tumor suppressor (Cordero and Sansom, 2012; Sansom
et al., 2004). Indeed, the processes that drive hyperplasia in the
context of Apc mutation are thought to be highly analogous
to the processes that drive regeneration after damage. For
example, focal adhesion kinase (FAK), which is dispensable dur-
ing intestinal homeostasis, is required downstream of WNT to
drive intestinal regeneration after radiation-induced injury, and
is likewise required for intestinal transformation following Apc
deletion (Ashton et al., 2010). With this is mind, and given the
lack of a regenerative response in DT-treated Lgr5DTR mice,
we considered the possibility that the depletion of Lgr5+
cells might likewise inhibit the crypt hyperplasia driven by
Apc loss. To address this, we generated Lgr5DTR; Apcloxp/loxp;
Rosa26CreERT2 compound mutants, which allowed tamoxifen-
inducible deletion of Apc in the context of Lgr5+-cell-ablated
crypts. We refer to Apc deletion driven by RosaCreER as ApcD.
As expected, deletion of Apc in Lgr5WT; ApcD animals resulted
in dramatic and rapid crypt hyperplasia, with proliferating cells
extending almost to the tops of villi 5 days after tamoxifen
Figure 5. Paneth Cells Are Not Required for Intestinal Regeneration
after Radiation-Induced Injury, and Paneth-Cell-Deficient Mice
Retain a Requirement for Lgr5+ Cells during Regeneration
(A) Average Lgr5 andDefa1 expression, relative toRpl19 levels and normalized
against Gfi1WT/WT mice, in the ileum of Gfi1WT/WT and Gfi1KI/KI animals; n = 3,
error bars represent SEM.
(B) The number of regenerating crypts in Gfi1WT/WT versus Gfi1KI/KI animals
was quantified using KI67 staining to identify viable crypts. Each data point
represents the number of viable crypts in a single field of view. Approximately
100 fields of view were counted per mouse; n = 3. Lines indicate the mean with
standard error. p < 0.0001, Student’s t test.
(C) Average Lgr5 andDefa1 expression, relative toRpl19 levels and normalized
as in (A).
(D) The number of regenerating crypts in shown genotypes exposed to 10 Gy
radiation plus two doses of DT were quantified as in (B).
See also Figure S4.
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Lgr5+ Stem Cells in Radiation-Induced Regenerationinduction (Figures 6A and 6B). Depletion of Lgr5+ stem cells at
the time of tamoxifen induction, and every 48 hr thereafter, had
no overt effect on this phenotype, with KI67+ cells extending to
villus tips in Lgr5+-cell-depleted crypts (Figures 6C and 6D).
Gene expression analysis confirmed the depletion of Lgr5-ex-
pressing cells in this context (Figure 6E). Interestingly, the induc-
tion of the WNT target gene Axin2 in response to loss of Apcwas
somewhat attenuated upon codepletion of Lgr5+ cells, and the
very robust induction of the WNT target gene Tnfrsf19 (also
known as Troy) was likewise suppressed in the Lgr5-depleted
condition (Figure 6E). The suppressed induction of Axin2 and
Tnfrsf19 may be a reflection of loss of the Lgr5+ population,
particularly in the case of Tnfrsf19, which has been reported to
be specifically coexpressed with Lgr5 in CBCs (Fafilek et al.,
2013). Changing the DT dosing such that loss of Lgr5+ cellsCewas initiated 48 hr prior to tamoxifen administration led to the
same result (Figures S5A–S5D); loss of Apc drives hyperplasia
in crypts depleted for Lgr5+ stem cells.
As an additional model to test the proliferative capacity of
Lgr5+-cell-deficient crypts, we exposed Lgr5DTR animals to
dextran sodium sulfate (DSS). In this model, administration of
DSS in drinking water results in loss of intestinal barrier function,
inflammation, and the formation of lesions in the colon. With-
drawal of DSS from drinking water is associated with rapid crypt
hyperplasia, enlargement and fission, and intestinal recovery
(Okayasu et al., 1990). Lgr5DTR mice were administered 2.5%
DSS in their drinking water for 1 week (D0 to D7) to induce lesions
in the colon and were then transferred to normal drinking water
for 5 days (D7 to D12) to promote recovery (Figure 6F). In
contrast to the profound effect of even a single dose of DT in
the context of radiation-induced regeneration, the administration
of DT to DSS-treated Lgr5DTR animals (on D4, D6, D8, and D10)
had no apparent effect on the regeneration phase. Crypts adja-
cent to DSS-induced lesions had high levels of KI67 and were
enlarged relative to normal crypts at sites distant from the lesion,
indicating active recovery, irrespective of Lgr5+ stem cell status
(compare control panel Figure 6G00 to Figure 6H, which had mul-
tiple DT injections). Indeed, DT-treated versus untreated colons
were indistinguishable in this assay, supporting the notion that
crypts depleted for Lgr5+ cells are competent to undergo crypt
hyperplasia.
DISCUSSION
We have taken a functional approach to investigating the role of
Lgr5+ intestinal cells in radiation-induced regeneration, and we
have shown that depletion of Lgr5+ cells dramatically alters the
regenerative response. In contrast, depletion of Lgr5+ cells has
little effect on the intestinal epithelia in the context of Apc-driven
and DSS-induced hyperplasia. That Apc loss drives hyperplasia
in crypts depleted for Lgr5+ cells was somewhat surprising given
the previous observation that a robust response toWNT pathway
hyperactivation may be restricted to Lgr5+ cells. Specifically,
loss of Apc in the Lgr5+ population using Lgr5CreER was shown
to result in a high number of rapidly growing adenomas, while
deletion of Apc in transit amplifying cells (using the AhCre mouse
line) results in few very slowly growing lesions (Barker et al.,
2009). It is possible that under steady state conditions, Lgr5–
stem/progenitor cells have a limited capacity to be transformed,
possibly due to suppression by the Lgr5+ population, but at least
a subset of these cells may gain the capacity to respond to
hyperactivated Wnt signaling upon loss of the Lgr5+ population.
Importantly though, these data argue that the lack of a normal
regenerative response in Lgr5+-cell-deficient intestines after
radiation-induced injury is not due to an inability of the crypts
to mount a hyperplastic response and is more likely due to the
relative radiosensitivity of the Lgr5– reserve stem cell population.
It was previously established that loss of the Lgr5+ population
during homeostatic self-renewal is tolerated by the intestine,
formally demonstrating that there is a population of Lgr5– cells
that retain clonogenic/stem cell potential. Here, we show that
loss of this same Lgr5+ population has dramatic consequences
in the context of radiation-induced damage and regeneration,
suggesting that the Lgr5– reserve stem cells that are normallyll Stem Cell 14, 149–159, February 6, 2014 ª2014 Elsevier Inc. 155
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Lgr5+ Stem Cells in Radiation-Induced Regenerationcompetent to maintain the epithelium in the absence of Lgr5+
cells are ablated, or altered, upon exposure to radiation
(R6 Gy). Specifically, our data show that while the depletion of
Lgr5+ cells at crypt positions 1–5 is tolerated by the intestinal
epithelium, the added effect of radiation, which includes
elevated apoptosis at positions 6 and above (above the CBC/
Paneth cell zone), is incompatible with sustaining the intestinal
epithelium. In the case of radiation alone, although there is
appreciable loss of Lgr5+ cells at positions 1–5/6, this is substan-
tially less than the loss of Lgr5+ cells induced by DT treatment in
Lgr5DTR mice. Indeed, the apoptotic profiles triggered by radia-
tion and by DT administration are clearly distinct. These data
are consistent with the hypothesis that at least a subset of
Lgr5+ cells survive radiation.
Although DT-induced loss of Lgr5+ cells triggers very robust,
highly penetrant apoptosis that is potentially even more pro-
nounced than that triggered by 10 Gy radiation, we do not see
any crypt loss or any features of regeneration akin to that trig-
gered by exposure to radiation; i.e., there is an absence of
obvious crypt enlargement that is typical of radiation-induced
regeneration: DT-treated crypts either maintain or very rapidly
reestablish stasis even after extensive cell loss. It is not clear
if these differences are because the two insults target dis-
tinct cell populations or because the regenerative/hyperplastic
phenotype is a consequence of mitotic arrest of crypt cells that
accompanies irradiation, but not DT-induced ablation of Lgr5+
cells. We argue that radiation has effects beyond the depletion
of Lgr5+ stem cells and urge caution when using radiation as a
tool to deplete this population. Also of note, the absence of crypt
loss and a bona fide regenerative response in DT-treated
Lgr5DTR animals argues against the notion that rare crypts that
escape Lgr5+ cell ablation drive epithelial regeneration in this
context.
Our model predicts that Lgr5+ cells normally contribute to the
regenerating epithelia after radiation-induced damage. How is it
that this mitotically active population can withstand radiation
exposure, an insult that largely targets proliferative cells? A
recent study showed that despite their high mitotic index,
Lgr5+ CBCs have a relatively high capacity for DNA repair
following exposure to radiation (Hua et al., 2012). Interestingly,
they found that DNA repair in Lgr5+ cells was driven by homolo-
gous recombination, which is the high fidelity DNA repair method
also employed by proliferative embryonic stem cells, and is in
contrast to the more error-prone nonhomologous end-joining-
mediated method of DNA repair utilized by the stem cells ofFigure 6. Lgr5+ Cells Are Not Required for Crypt Hyperplasia
(A) H&E and KI67 IHC in duodenum from an Lgr5WT; ApcWT mouse.
(B) Representative stained duodenum sections from Lgr5DTR; ApcD mice 5 days
(C) As in (B) with the addition of three doses of DT on D0, D2, and D4. Note the KI6
compared to (A). Images are representative of at least three animals assessed in
(D) Schematic showing dosing schedule of tamoxifen and DT in Lgr5DTR; ApcD a
(E) qPCR analysis of Lgr5 and the Wnt target genes Axin2 and Tnfrsf19, normaliz
mice treated as shown. Expression in control animals was set to 100%; n = 3, m
(F) Schematic showing dosing schedule of Lgr5DTR animals treated with DSS an
(G and H) KI67 staining on colon sections from Lgr5DTRmice that were administere
appearance with no lesions (G0), while regions adjacent to DSS-induced lesions
DSS-induced lesion is highlighted by a red star. (H) Sections treated and stained a
hyperplastic crypts are seen adjacent to lesions, as is also the case in control an
See also Figure S5.
Cethe hair follicle and hematopoietic system (Blanpain et al.,
2011; Hua et al., 2012). The authors also demonstrate that the
number of surviving Lgr5+ cells after radiation exposure corre-
lates with the degree of crypt/intestinal regeneration (Hua
et al., 2012). Interestingly, the WNT pathway agonist R-spondin
substantially increases the number of Lgr5+ CBCs without influ-
encing the relative abundance ormitotic index ofBmi1+ cells and
concomitantly protects against intestinal damage induced by
both radiation and chemotherapy, consistent with the hypothe-
sis that Lgr5+ CBCs play an active role in intestinal regeneration
in these settings (Bhanja et al., 2009; Kim et al., 2005; Yan et al.,
2012; Zhou et al., 2013). Along similar lines, caloric restriction
increased the numbers of Lgr5+ ISCs and simultaneously pro-
moted the survival and regeneration of intestinal crypts following
exposure to radiation (Yilmaz et al., 2012).
An alternative explanation for the survival of Lgr5+ stem cells
after irradiation is that Lgr5+ cells may encompass a variety of
cell subpopulations with distinct properties; i.e., the Lgr5+ pop-
ulation is heterogeneous and includes non/slow-cycling cells
that may be more resistant to DNA damage. In a series of highly
elegant experiments, Bukzacki et al. recently reevaluated the
nature of quiescent intestinal crypt cells (Buczacki et al.,
2013). Using mice expressing H2B-YFP, they identified a popu-
lation of non-Paneth label retaining cells (LRCs) that coexpress
Paneth cell markers, +4 markers, and surprisingly, Lgr5, and
went on to define these cells as Paneth cell precursors.
They devised a novel H2B-dependent split-Cre technology to
perform lineage tracing from LRCs. Importantly, although this
strategy makes use of Rosa26 and Cyp1a1 promoters, it relies
heavily on the behavior of the cells, rather than being exclusively
dependent on any individual cell marker (e.g., Lgr5, Bmi1, Hopx,
etc). Normally, LRCs do not divide; however, after intestinal
damage induced by radiation or chemotherapy, they reenter
the cell cycle and generate persistent lineage. These data sug-
gest that there is a distinct, nondividing subpopulation of Lgr5+
cells (that are also positive for +4 markers and occupy cell
positions 1–6) that are recalled to the stem cell pool upon intes-
tinal damage (Buczacki et al., 2013). This model is consistent
with the observed lineage from Bmi1/mTert/Lrig1+ cells after
irradiation and reconciles the earlier lineage tracing data with
the functional data presented here, which demonstrate that
Lgr5+ cells are a critical functional component of the radia-
tion-induced intestinal regenerative response (Montgomery
et al., 2011; Powell et al., 2012; Sangiorgi and Capecchi,
2008; Yan et al., 2012).after loss of Apc was induced with a single dose of tamoxifen (day 0, D0).
7+ proliferative region, which is considerably expanded in both (B) and (C) when
each group. Scale bar, 200 mm.
nimals.
ed against expression of the housekeeping gene Rpl19, in ileum samples from
ean with SEM.
d DT.
d 2.5%DSS in their drinking water. Some regions of the colon exhibit a normal
exhibit enlarged and hyperproliferative crypts, indicated by an arrow (G00). The
s above, with the addition of DT-treatments on D4, D6, D8, and D10. Enlarged
imals. Scale bar, 100 mm.
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Mouse Models
Lgr5DTRmice were described previously (Tian et al., 2011).Apcloxpmicewere a
kind gift from the Kucherlapati lab (Kuraguchi et al., 2006) and RosaCreERT2
mice were obtained from Taconic (stock number 10471). Gfi1KI mice were a
kind gift from the Mo¨ro¨y lab (Yu¨cel et al., 2004). All mice were housed and
maintained according to the animal use guidelines of Genentech, conforming
to California State legal and ethical practices. DT was administered via intra-
peritoneal injection at a dose of 50 mg/kg. Cre-dependent recombination
was induced by oral gavage of tamoxifen (single dose of 2 mg in sunflower
seed oil) to adult mice.
Tissue and Gene Expression Analysis
Dissected intestines were subject to overnight fixation in 4% paraformalde-
hyde prior to being embedded in paraffin. Immunohistochemistry (IHC) and
immunofluorescence (IF) were carried out according to standard procedures.
Antibodies used were as follows: rabbit anti-KI67 (1:300, Thermo Scientific,
#RM9106), mouse anti-b-catenin (1:1,000, BD Transduction, #610154), rabbit
anti-lysozyme (1:1,000, DAKO, #3.2.1.17), and rabbit anti-cleaved caspase 3
(1:1,000, Cell Signaling, #9961). The DAKO Envision+ HRP (DAB) system
was used to detect primary antibodies for IHC. Alexa Fluor secondary anti-
bodies were used for IF. For TUNEL staining, we used the ApopTag Red
In Situ Apoptosis Detection Kit according to manufacturer’s instructions
(Millipore, #7165). Images were acquired using a Zeiss Axioskop2 plus micro-
scope fitted with an AxioCam HRc, or a Leica DMI4000B fluorescence micro-
scope. For gene expression analysis by quantitative RT-PCR, RNA fromwhole
intestinal samples was generated using the QIAGEN RNeasy minikit. One hun-
dred nanograms of RNA was used per well in a single-step Taqman assay.
Normalization was done using the housekeeping gene Rpl19.
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